Covalent surface modification of multiwall carbon nanotubes leads to enhanced nanotube dispersion in the polymer. Despite this, the mechanical properties of electrospun fibers made of polymethylmethacrylate containing surface modified nanotubes generally fall below those of fibers with pristine nanotubes, sometimes below those of pure polymer fibers. We show that covalent functionalization produces defects in the graphene structure, leading to mechanical weakening of the nanotube and, therefore, of the nanocomposite.
We recently discovered that the mechanical properties of polymethylmethacrylate ͑PMMA͒ electrospun composites based on pristine SWCNTs and MWCNTs were much higher than those of pure PMMA electrospun fibers. 10 In the present paper, we limit ourselves to MWCNT reinforcement and compare the mechanical properties of electrospun PMMA fibers reinforced by two types of surface-modified covalently functionalized MWCNTs, with PMMA fibers reinforced by pristine MWCNTs. Covalent functionalization, which adds functional groups, such as -COOH, to the CNT sidewall, seems to be a promising avenue as it increases both CNT dispersion and stress transfer. 11, 12 However, as shown here, if CNT dispersion is indeed finer, covalent functionalization may also negatively affect the structure, resulting in inferior CNT and nanocomposite properties.
We used PMMA ͑Aldrich͒ with a molecular weight of ϳ350 000 g / mol, and pristine and carboxylated MWCNTs ͑Nanolab͒. Pristine and carboxylated tubes are termed p-MWCNTs and COOH-MWCNTs, respectively. A second type of MWCNT ͑Nanocyl-7000͒ was chemically modified through a 1,3-dipolar cycloaddition reaction of azomethine ylides. 13 This functionalized MWCNT is termed f-MWCNT. We used the same MWCNTs to PMMA weight ratio ͑1.5%͒ in all initial composite dispersions, as in our previous work, 10 as it was found to yield a low amount of agglomerates. Dimethylformamide ͑J. T. Baker͒ was used as solvent. The electrospinning process and the tensile testing procedure were similar to our earlier work. 10 The testing velocity, 80 m / min, was the smallest available with the nanomanipulator and was chosen to maintain the test in a quasistatic mode, as needed for proper observation of the fiber local deformation and fracture. The average diameters of the electrospun PMMA, PMMA/p-MWCNTs, PMMA/COOHMWCNTs, and PMMA/f-MWCNTs fibers were 540Ϯ 240, 750Ϯ 260, 750Ϯ 120, and 690Ϯ 100 nm, respectively. Slightly finer fibers were used for transmission electron microscope imaging ͑TEM͒ ͑Philips CM-120, 120 kV͒. Raman CNT spectra were obtained with a Renishaw Ramascope in the backscattering geometry with the 632.8 nm line of a 2 mW HeNe laser. To minimize laser damage, 10% laser intensity was used, and the Raman spectra were collected immediately after focusing. Laser spot was ϳ5 m in diameter. Generally, the surface of the CNT reinforced fibers was rougher than that of pure PMMA fibers. Also, as before, 10 the electrospinning process clearly induced CNT orientation. 7, 9 We also noticed occasional MWCNT agglomerates and protrusions in some fiber portions, resulting in abrupt lengthwise irregularities and local diameter variability, as observed elsewhere. 8, 9 Significantly, these occasional aggregates of functionalized MWCNTs were generally smaller in sizes and less compact than those showing up in pristine MWCNT based fibers, reflecting the improved dispersion of the functionalized MWCNTs compared to pristine MWCNTs. Only fiber specimens without aggregates were tested here.
The experimental results ͑Table I͒ reveal that ͑i͒ nonfunctionalized ͑pristine͒ MWCNT-based PMMA fibers are considerably stiffer, stronger, and tougher than the fibers based on functionalized MWCNTs, and than pure PMMA fibers; ͑ii͒ COOH-MWCNT/PMMA fibers perform better that pure PMMA fibers; and ͑iii͒ f-MWCNT/PMMA fibers are mechanically worse than even pure PMMA fibers. The predicted Young's modulus ͑calculated by the classic Halpin-Tsai model, 8 using equal modulus values for all three CNT types͒ is significantly larger than the experimental modulus for both types of functionalized CNT based nanocomposites, but quite close to the experimental value for the pristine CNT based nanocomposite. This seems to indicate that functionalized CNTs are structurally affected by the surface chemical treatment, causing a reduction in mechanical performance. Since all fibers had a relatively large diameter ͑above 650 nm͒, no observed 14 increase in modulus with decreasing diameter ͑below about 500 nm͒ is observed. Typical stress-strain curves ͑not shown͒ reveal that the yield point increases to 13.0% for p-CNTs based composite fiber ͑com-pared with 8.4% for PMMA fibers͒, but slightly decreases to 7.6% for f-CNTs based fibers. The elongation of p-MWCNT/ PMMA fibers is about three times that of PMMA fiber, due to extensive necking. 10 The relative trend of the experimental "tensile toughness" G c = ͐d, where is the tensile stress and the strain, is similar to that of the experimental Young's modulus. Thus, despite the improved dispersion of the functionalized CNTs in the polymer, no enhancement in mechanical properties is observed relative to the pristine MWCNT based composite. To explain the lack of mechanical properties enhancement following surface functionalization, we consider the chemistry of the process. Functionalization adds chemical groups to the outermost CNT layer, forming covalent bonds with the carbon atoms. This likely involves introducing sp 3 hybridized carbon atoms to the graphene plane by sacrificing the sp 2 hybridized carbon. 15 In a study of the effect of surface hydrogenization on graphite and CNTs, Volpe and Cleri 16 claim that the C-H bond gives rise to a local tetragonal distortion: the H atom pulls the C atom out of the basal plane. Atomistic simulations indicates that the effect of carbonization has essentially the same effect as hydrogenization, 17 and sp 3 carbon atoms can be seen as defects. Simulations also show that chemical functionalization degrades the mechanical properties of SWCNTs, such as strength, ductility and modulus. [17] [18] [19] The preparation of the f-MWCNTs used here involves chemical reaction steps 13 which likely induces even more defects in the CNT structure.
To demonstrate the presence of defects in the functionalized MWCNTs, Raman and TEM characterization were performed. The Raman D band ͑D = disorder͒ located at 1320 cm −1 ͑Fig. 1͒ originates from amorphous carbon and structural defects; the G band ͑G = graphite͒ at 1570 cm −1 is related to graphite structures, and stems from tangential shearing mode of the carbon atoms. [20] [21] [22] The GЈ band at 2640 cm −1 is an overtone of the D band. The ratio of integrated intensities of the D and G bands, I D / I G , can be used to estimate the density of defects in the CNT structure: the larger the value of the I D / I G ratio, the higher the defect density. 23, 24 As indicated in Fig. 1 , the values of I D / I G for the functionalized MWCNTs are larger than for pristine MWCNTs, the largest ratio being observed for f-MWCNTs. The same trend is observed by using the ratio of intensities of the D and GЈ bands, I D / I G Ј . Thus, chemical surface modification indeed breeds defects in the CNT structure.
Unlike the smooth and uniform surface of p-MWCNTs, the surfaces of both types of functionalized MWCNTs are rough and uneven, as shown by TEM in Figs. 2͑a͒-2͑c͒ . High resolution micrographs reveal a large density of defects in the outermost layer, including wall irregularities, twisting, and collapse ͑see arrows͒. This is especially evident for f-MWCNTs ͓Fig. 2͑c͔͒. Figures 2͑d͒-2͑f͒ show the fracture surfaces of the three types of nanofibers tested here. Careful observations reveal significant differences in the interfacial interaction between the polymer matrix and the nanotubes in these three systems. Whereas extensive tube-PMMA pull out is evident in p-MWCNT/PMMA, with clean protruding CNT surfaces being clearly visible ͓Fig. 2͑d͔͒ indicating a weak In the theoretical calculation of Young's modulus all CNT types have an assumed Young's modulus of 450 GPa. The CNT aspect ratio, however, was experimentally measured by using extensive collages of TEM images, yielding values of 180, 110, and 130 for p-MWCNT, COOH-MWCNT, and f-MWCNT, respectively, which result in the slightly different predictions for each nanocomposite type listed in the Table. FIG. 1. ͑Color online͒ Raman spectra of pristine and functionalized MWCNTs. The ratio I D / I G of integrated intensities of the D and G peaks reflects the amount of defects in the CNT structure, with larger ratio values corresponding to higher defect densities ͑Refs. 23 and 24͒. interfacial bond, both types of functionalized CNTs are more heavily covered with PMMA, indicating stronger polymer-CNT interactions, and thus improved adhesion and stress transfer. This does not automatically imply that the mechanical properties of the nanocomposites are improved, as indeed seen here: depending on the amount of damage caused to the molecular structure of the CNT surface walls by chemical functionalization, the resulting dissipation of fracture energy, as well as stiffness and strength of the nanocomposites, may either be improved 25 or unaffected by the inclusion of functionalized CNTs. We conclude that surface functionalization of MWCNTs may be viewed as a double-edge sword, which at the same time brings about improved tube dispersion in the polymer mass but also degrades the structural integrity of the tube walls, the consequence of which is a decrease in mechanical properties. 
